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+++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++

- 502

Letermine, for a chemical reaction 1o be performed according o a
specific set of reaction parameters, a chemical reaciant release profile
for a chemical reactant (o be released (o control the chemical reaction

+++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++

504
Letermine a shape of a three-dimensionat {3D) object (o release the /
chemical reactant according to the chemical reactant release profile
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- 506
- Generate chemical reactant 3D printing instructions corresponding to the /
shape of the 3D object E

reactant 30 printing mnstructions, the 3L printed object inciuding the
chemical reactant {0 be released (o controt the chemical reaction
according to the chemical reaction release profile

p———r ahp—— p———r ahp—— p———r p———r ap—— p———r ahp—— I p———r ap—— dp———tp
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 Encapsulate the 3D printed object including the chemical reactantinan = 510
5 encapsulating matertal to form an articie of manufacture, the f '
encapsulating material {o provide a time delay prior {o release of the

fime delay proportional 1o a thickness of the encapsuiating maternal
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/—‘ 600

Determine, for a chemical reaction to be performed according to a - 602

specific set of reaction paramelers, a chemical reaclant release profiie
for a chemical reactant to be released {0 control the chemical reaction

---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

.............................................................................................................................................................................................................................................................................................................................................................................................................

- 604

Petermine a shape of a three-dimensional (3D} object to release the
chemical reactant according to the chemical reactant release profile

606

Generate chemical reactant 3D printing instructions corresponding o the -
| shape of the 3D object

- Store the chemical reactant 3D printing instructions (e.g., in a .obj file |

format) at a computer-readable storage device {e.g., of a first entity), the 608
- stored chemical reactant 3D printing instructions {o be utilized (e.g.. bya /
- second entity) to form a 3D printed object using a 3D printer, the 3D

- printed object including the chemical reactant to be released fo controf

-~ the chemical reaction cxcct)rdmg to the chemical reacltion reiease pmf%
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1

THREE-DIMENSIONAL PRINTED OBJECTS
FOR CHEMICAL REACTION CONTROL

BACKGROUND

[

Three-dimensional (3D) printing technology oflers excit-
ing possibilities 1n such varied contexts as rapid prototyping
and customized patient-centric drug delivery, among numer-
ous other contexts.

SUMMARY

According to an embodiment, an article of manufacture 1s
disclosed. The article of manufacture includes a three-

dimensional (3D) printed object for chemical reaction con-
trol. The 3D printed object includes a chemical reactant to be
released to control a chemical reaction according to a
chemical reactant release profile. The chemical reactant

release profile 1s determined based on a shape of the 3D
printed object.

According to another embodiment, a process of forming
a 3D printed object for chemical reaction control 1s dis-
closed. The process includes determining, for a chemical
reaction to be performed according to a specific set of
reaction parameters, a chemical reactant release profile for a
chemical reactant to be released to control the chemical
reaction. The process includes determining a shape of a 3D
object to release the chemical reactant according to the
chemical reactant release profile. The process also includes
generating chemical reactant 3D printing instructions cor-
responding to the shape of the 3D object. The process further
includes utilizing a 3D printer to form a 3D printed object
according to the chemical reactant 3D printing instructions.
The 3D printed object includes the chemical reactant to be
released to control the chemical reaction according to the
chemical reactant release profile.

According to yet another embodiment, a computer-imple-
mented method 1s disclosed. The computer-implemented
method includes determining, for a chemical reaction to be
performed according to a specific set of reaction parameters,
a chemical reactant release profile for a chemical reactant to
be released to control the chemical reaction. The computer-
implemented method also includes determining a shape of a
3D object to release the chemical reactant according to the
chemical reactant release profile. The computer-imple-
mented method further includes generating chemical reac-
tant 3D printing instructions corresponding to the shape of
the 3D object. The chemical reactant 3D printing nstruc-
tions are to be utilized to generate a 3D printed object that
includes the chemical reactant to be released to control the
chemical reaction according to the chemical reactant release
profile.

The foregoing and other objects, features, and advantages
of the invention will be apparent from the following more
particular descriptions of exemplary embodiments of the
invention as 1llustrated 1 the accompanying drawings
wherein like reference numbers generally represent like
parts of exemplary embodiments of the invention.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a diagram of a system for forming an article of
manufacture that includes a 3D printed object for chemical
reaction control, according to one embodiment.

FIG. 2 1s a diagram 1llustrating an example of the effect
of arm thickness of a 3D printed object that includes one or
more arms on the availability of a 3D printed chemical
reactant over time.
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2
FIG. 3 1s a diagram 1llustrating an example of the effect

of a number of arms of a 3D printed object that includes one

or more arms on the availability of a 3D printed chemical
reactant over time.

FIG. 4 1s a diagram 1illustrating an example of the effect
of a thickness of an encapsulating material surrounding a 3D
printed object on the delayed availability of a 3D printed
chemical reactant.

FIG. 5 15 a flow diagram depicting a particular embodi-
ment of a process of forming a 3D printed object for
chemical reaction control.

FIG. 6 1s a flow diagram depicting a particular embodi-
ment of a computer-implemented method of generating
chemical reactant 3D printing instructions to be utilized to
form a 3D printed object for chemical reaction control.

DETAILED DESCRIPTION

The present disclosure describes three-dimensional (3D)
printed objects for chemical reaction control, processes for
generating chemical reactant 3D printing instructions, and
processes of utilizing a 3D printer to form 3D printed objects
for chemical reaction control according to the chemical
reactant 3D printing instructions. The 3D printed objects of
the present disclosure are also referred to herein as “reaction
vessels” to indicate that the 3D printed objects include
chemical reactant(s) to be released to control a chemical
reaction according to a specific set of reaction parameters.

In the present disclosure, the specific set ol reaction
parameters are utilized to generate a chemical reaction
release profile, and the chemical reaction release profile 1s
utilized to determine an appropriate shape of an object to be
3D printed into a reaction vessel. The chemical reactant(s)
are formed 1nto the appropriate shape using a 3D printer, and
the resulting 3D printed reaction vessel may be utilized to
control a chemical reaction by releasing the chemical reac-
tant(s) 1n a manner that 1s consistent with the specific set of
reaction parameters. In some cases, the 3D printed reaction
vessels of the present disclosure may enable rapid prototyp-
ing of various concentration/time-release profiles for reac-
tion control. Additionally, the 3D printed reaction vessels of
the present disclosure may enable one enfity to efliciently
reproduce a chemical reaction according to reaction param-
cters specified by another entity. To 1illustrate, in some cases,
the 3D printed reaction vessels may be manufactured
according to the specific set of reaction parameters deter-
mined by a research 1nstitution or other laboratory, and the
3D printed reaction vessels may be provided to another
research institution or laboratory. In other cases, the chemi-
cal reactant 3D printing instructions to be utilized to form
the 3D printed reaction vessel may be provided to the other
entity (e.g., as an object file for a particular type of 3D
printer, such as a 6-axis 3D printer), and the other entity may
utilize the chemical reactant 3D printing instructions to form
the 3D printed reaction vessel. Thus, the 3D printed objects
for chemical reaction control of the present disclosure may
enable 1improved reproducibility of a particular chemical
reaction, such as by an entity with less chemical reaction
control expertise.

Referring to FIG. 1, a diagram 1llustrates an example of a
system 100 for forming an article of manufacture that
includes a 3D printed object 102 for chemical reaction
control, according to one embodiment. The 3D printed
object 102 includes a chemical reactant (or multiple chemi-
cal reactants) to be released to control a chemical reaction
that 1s to be performed according to a specific set of reaction
parameters. As described further herein, the specific set of
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reaction parameters may be utilized to determine an appro-
priate shape of the 3D printed object 102 such that the 3D
printed object 102 releases the chemical reactant(s) accord-
ing to a chemical reaction release profile 104 in order to
reproduce the chemical reaction according to the specific set
of reaction parameters. FIG. 1 depicts an 1llustrative, non-
limiting example 1n which the shape of the 3D printed object
102 1s similar to a toy jack that has multiple arms (e.g., s1x
arms 1n the example of FI1G. 1). It will be appreciated that the
3D printed object 102 may have an alternative geometric
shape (or an alternative thickness or arm count 1n the case of
the toy jack shape) such that the 3D printed object 102
releases the chemical reactant(s) according to a chemical
reaction release profile that corresponds to the specific set of
reaction conditions. For example, as illustrated and further
described herein with respect to FIGS. 2 and 3, arm thick-
ness and/or arm count values may be adjusted to increase/
decrease the availability of a chemical reactant over time.
Further, while not shown 1n the example of FIG. 1, in some
cases, the 3D printed object 102 (or a portion of the 3D
printed object 102, such as a subset of the arms) may be
surrounded by an encapsulating material in order to intro-
duce a time delay prior to release of the chemical reactant(s)
according to the chemical reactant release profile, as 1llus-
trated and further described herein with respect to FIG. 4.

In the particular embodiment depicted in FIG. 1, the
system 100 1includes a 3D printer 110 that includes a
platform 112 and a nozzle 114 (or multiple nozzles) that may
be independently rotatable about multiple axes. In the par-
ticular embodiment depicted i FI1G. 1, the 3D printer 110 1s
a 6-axis 3D printer that 1s capable of controlling movement
of the platform 112 along three platform axes 116 (1dentified
as axis X,, axis Y ,, and axis Z, i FIG. 1) and movement of
the nozzle 114 along three nozzle axes 118 (identified as axis
X,, axis Y ,, and axis 7, i FIG. 1). In other embodiments,
alternative types of 3D printers may be utilized depending
on a complexity of a shape of a particular 3D printed object
that 1s satisfactory to reproduce a particular set of chemical
reaction parameters.

The 3D printer 110 1s configured to form the 3D printed
object 102 for chemical reaction control. In the embodiment
depicted 1n FIG. 1, the 3D printer 110 includes a 3D printing
control system 120 that may include multiple 3D printing
control components. In the example of FIG. 1, the 3D
printing control system 120 includes a platform axis control
component 122 (or multiple components), a nozzle axis
control component 124 (or multiple components), and a
chemical reactant control component 126 (or multiple com-
ponents). The system 100 includes a chemical reactant
reservoir 130 (or multiple reservoirs) to store a chemical
reactant (or multiple chemical reactants) to be delivered to
the nozzle(s) 114 during 3D printing operations responsive
to control signals received from the chemical reactant con-
trol component(s) 126.

In the example of FIG. 1, the system 100 further includes
a computing device 140 that may be configured to determine
a shape 142 of a 3D object that 1s satisfactory to release the
chemical reactant according to the chemical reactant release
profile 104. The chemical reactant release profile 104 may
be determined based on data for a particular chemical
reaction that 1s stored at a chemical reaction database 146,
as described further herein. The computing device 140 may
be further configured to generate chemical reactant 3D
printing instructions 144 corresponding to the shape 142 of
the 3D object. The platform axis control component(s) 122
may be configured to control movement of the platform 112
along the three platform axes 116 according to the chemical
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reactant 3D printing instructions 144 received from the
computing device 140. The nozzle axis control component
(s) 124 may be configured to control movement of the
nozzle(s) 114 along the three nozzle axes 118 according to
the chemical reactant 3D printing instructions 144 recerved
from the computing device 140. The chemical reactant
control component(s) 126 may be configured to control
release of chemical reactant(s) from the chemical reactant
reservoir(s) 130 (e.g., using one or more valves 132 1n fluid
communication with the nozzle(s) 114) according to the
chemical reactant 3D printing instructions 144 received
from the computing device 140.

The computing device 140 may be configured to deter-
mine the shape 142 of the 3D object for a particular set of
reaction parameters corresponding to the chemical reactant
release profile 104. In the illustrative, non-limiting example
of FIG. 1, the shape 142 of the 3D object corresponds to a
toy jack shape having six arms. It will be appreciated that
numerous other alternative shapes may be utilized, with the
particular shape selected such that the chemical reactant 1s
released from the 3D printed object 102 1n a manner that
corresponds to the particular set of reaction parameters. An
example of an alternative shape includes a sphere that
includes multiple concentric layers (similar to a “jaw-
breaker” shape), with each layer including “patches™ of a
chemical reactant (or multiple chemical reactants). The
thickness of a particular layer controls the release of the
particular chemical reactant(s) within the particular layer as
the individual layers are exposed over time during a chemi-
cal reaction. As illustrated and further described herein with
respect to FIGS. 2-4, for the example of the toy jack shape,
the computing device 140 may determine a particular com-
bination of arm thickness (see FIG. 2), arm count (see FIG.
3), and optionally encapsulating material thickness (see FIG.
4) that 1s appropriate for a specific set of reaction param-
eters.

Ilustrative, non-limiting examples of chemical reactions
to be evaluated by the computing device 140 to determine
the shape 142 of the 3D object include cross-coupling
polymerization reactions, living polymerization reactions,
substitution nucleophilic (S,2) reactions, or Grignard reac-
tions. Examples of living polymerization reactions include a
living anionic polymerization reaction, a living cationic
polymerization reaction, a living ring-opening metathesis
polymerization reaction, a living free radical polymerization
reaction, or a living chain-growth polycondensation reac-
tion.

In some cases, a chemical reaction may utilize a catalyst,
and the catalyst may correspond to the chemical reactant to
be released to control the chemical reaction according to the
chemical reactant release profile 104. In a particular embodi-
ment, the chemical reaction may correspond to a reaction
that utilizes a transition metal (e.g., 1n the form of an
organometallic complex) as a catalyst. Some catalytic tran-
sition metals may be utilized in a state that 1s prone to rapid
oxidation, such as a Palladium(0) complex or a Nickel(0)
complex. During longer reactions involving such transition
metal catalysts, there may be a need for monitoring the
reaction and adding additional catalyst (as well as the
corresponding ligand) 1n order to ensure that the reaction
progresses. In this case, the chemaical reactant release profile
104 may identify that an 1nitial concentration of a catalyst 1s
to be added rapidly and that a suitable level of the catalyst
1s to be maintained via a slow, controlled release of the
catalyst. As an 1llustrative, non-limiting example, the 3D
printed object 102 may be suitable for a Yamamoto cross-
coupling polymerization reaction, which 1s used for direct
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coupling of aryl halides with aryl halides using a bis
(cyclooctadiene)nickel(0) compound. Such a polymeriza-
tion reaction may be performed mn a mixture of dimethyl-
formamide (DMF) and toluene, and the bis(cyclooctadiene)
nickel(0) compound may be included in the 3D printed
object 102 and may be encapsulated using a variety of
different polymeric materials, such as polystyrene, poly
(methylmethacrylate), poly(vinylacetate), among others.

As another example, the chemical reactant release profile
104 may include information for a chemical reaction 1n
which a slow release of catalyst may be utilized to control
molecular weight of polymerization, such as control of chain
growth or step growth. As another example, the chemical
reactant release profile 104 may include information for a
multiple-stage reaction and/or a consecutive reaction. To
illustrate, a multiple-stage reaction may include a timed
release ol a single reactant as a reaction progresses, 1ntro-
duction of other reactant(s) as the reaction progresses, or a
combination thereotf. To illustrate, for an S,2 reaction, the
chemical reactant release profile 104 may i1dentily that a
base 1s to be released first, creating a nucleophile 1n the
reaction, followed by an electrophile. As a turther example,
the chemical reactant release profile 104 may include nfor-
mation associated with release of a fouling component. As
yet another example, the chemical reactant release profile
140 may include information associated with release of
chemical(s) 1nto a living polymerization reaction, such as a
living anionic polymerization, a living cationic polymeriza-
tion, a living ring-opening metathesis polymerization, a
living free radical polymerization, or a living chain-growth
polycondensation reaction.

As yet another example, the chemical reactant release
profile 104 may include mformation that corresponds to a
particular set of chemical reaction parameters associated
with a Grignard reaction. In this case, the chemical reactant
release profile 104 may correspond to slow formation of a
Grignard reagent, where bound magnesium 1s itroduced at
a rate that 1s satisfactory to prevent a run-away reaction. To
illustrate, 1n a Grignard reaction, an alkyl halide or an aryl
halide (e.g., hexyl bromide, phenyl bromide, etc.) 1s added
to a suspension ol magnesium in diethyl ether or tetrahy-
drofuran (THF). The halide reacts directly with the surface
of the magnesium, but the reaction does not happen 1mme-
diately 1n most cases. However, once the halide reacts, the
reaction 1s exothermic, and the heat that 1s added to the
reaction mixture accelerates the reaction. As it typically
takes time for the reagents to react, the halide concentration
can increase rapidly i1f the reaction 1s not caretully moni-
tored, potentially resulting in a run-away reaction with a
positive feedback loop of more heat increasing the rate of
reaction. Accordingly, the halide may be incorporated 1nto
the 3D printed object 102 (e.g., within an inert material, such
as an ether or a THF-soluble polymer such as polystyrene)
at a varied concentration that would result i1n a slow,
controlled release of the halide. In some cases, magnesium
may also be incorporated into the 3D printed object 102.

Thus, FIG. 1 illustrates an example of a system for
forming an article of manufacture that includes a 3D printed
object for chemical reaction control. The 3D printed object
includes a chemical reactant (or multiple chemical reactants)
to be released to control a chemical reaction that 1s to be
performed according to a specific set of reaction parameters.
In some cases, the 3D printed object may enable rapid
prototyping of various concentration/time-release profiles
for reaction control. Additionally, the 3D printed object may
enable one entity to efliciently reproduce a chemical reaction
according to reaction parameters specified by another entity.
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In other cases, the chemical reactant 3D printing instructions
to be utilized to form the 3D printed object may be provided
to the other entity, and the other entity may utilize the
chemical reactant 3D printing instructions to form the 3D
printed object. Thus, the 3D printed object may enable
improved reproducibility of a particular chemical reaction,
such as by an entity with less chemical reaction control
expertise.

FIGS. 2-4 illustrate examples of factors that may be
utilized by the computing device 140 of FIG. 1 to determine
the shape 142 of the 3D object such that the chemical
reactant 1s released from the 3D printed object 102 {for
chemical reaction control according to a specific set of
reaction parameters defined by the chemical reactant release
profile 104.

Referring to FIG. 2, a diagram 200 1llustrates an example
of the effect of arm thickness of a 3D printed object that
includes one or more arms on the availability of a 3D printed
chemical reactant over time. While FIG. 2 1s designed to
illustrate the dependence of the availability of the 3D printed
chemical reactant on arm thickness for the toy jack shape
with multiple arms depicted in FIG. 1, 1t will be appreciated
that thickness of a particular feature of an alternatively
shaped 3D printed object also aflects the availability of the
3D printed chemical reactant over time. Further, FIG. 2
depicts the reduced availability of the 3D printed chemical
reactant over time as linear decay for illustrative purposes
only.

FIG. 2 1s a graph that illustrates a relationship between 3D
printed chemical reactant availability 202 over time 204 for
multiple arm thickness values (1,) 206. In the example of
FIG. 2, s1x arm thickness values are depicted, with the arm
thickness values increasing along the Y-axis, with a first arm
thickness value (1,) 210 representing the smallest arm
thickness value depicted 1n FIG. 2. In order of increasing
arm thickness, the other arm thickness values include a
second arm thickness value (T,) 212, a third arm thickness
value (1) 214, a fourth arm thickness value (1) 216, a fifth
arm thickness value (T.) 218, and a sixth arm thickness
value (T,) 220. In order to simplity the explanation of the
type of analysis performed by the computing device 140 of
FIG. 1 with respect to 1dentification of the shape 142 of the
3D object, the first arm thickness value 210 of FIG. 2
corresponds to a nominal thickness value, and the other arm
thickness values 212-220 correspond to integer multiples of
the first arm thickness value 210. That 1s, the second arm
thickness value 212 corresponds to 2x the first arm thickness
value 210; the third arm thickness value 212 corresponds to
3x the first arm thickness value 210; the fourth arm thickness
value 214 corresponds to 4x the first arm thickness value
210; the fifth arm thickness value 218 corresponds to 5x the
first arm thickness value 210; and the sixth arm thickness
value 220 corresponds to 6x the first arm thickness value
210.

FIG. 2 illustrates that the 3D printed chemical reactant
availability 202 corresponding to the first arm thickness
value 210 decreases over a first period of time defined by an
initial time (t,) 230 and a second time (t,) 232. FI1G. 2 further
illustrates that the 3D printed chemical reactant availability
202 corresponding to the second arm thickness value 212
decreases over a second period of time defined by the 1nitial
time (t;) 230 and a third time (t,) 234; the third arm
thickness value 214 decreases over a third period of time
defined by the 1nitial time (t,) 230 and a fourth time (t,,) 236;
the fourth arm thickness value 216 decreases over a fourth
period of time defined by the initial time (t,) 230 and a fifth
time (ts) 238; the fifth arm thickness value 218 decreases
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over a fiith period of time defined by the mitial time (t,) 230
and a sixth time (t,) 240; and the sixth arm thickness value
220 decreases over a sixth period of time defined by the
initial time (t,) 230 and a seventh time (t,) 242. In order to
simplify the explanation of the type of analysis performed
by the computing device 140 of FIG. 1 with respect to
identification of the shape 142 of the 3D object, FIG. 2
illustrates that the first period of time defined by the 1nitial
time (t,) 230 and the second time (t,) 232 corresponds to a
nominal time value, and the other periods of time correspond
to mteger multiples of the first period of time.

The mitial time (t;) 230 corresponds to a time of arm
exposure to a chemical reaction. In the example of FIG. 2,
the 1nitial time (t,) 230 corresponds to time zero. As 1llus-
trated and further described herein with respect to FIG. 4, in
cases where an encapsulating material surrounds an arm of
the 3D printed object 102 of FIG. 1, there may be a time
delay between a time that the arm of the encapsulated 3D
printed object 1s introduced and a time that the arm 1s
exposed to the chemical reaction. As such, while FIG. 2
illustrates an example 1n which the mitial time (t,) 230 1s
consistent with immediate exposure of the arm upon 1ntro-
duction of the 3D printed object into a chemaical reaction, 1t
will be appreciated that the imitial time (t,) 230 may be
determined based on the time delay that 1s proportional to a
thickness of the encapsulating material.

Thus, FI1G. 2 1llustrates that one factor to be utilized by the
computing device 140 of FIG. 1 to determine the shape 142
of an arm of the 3D object 1s a desired period of time for the
chemical reactant to be released, as defined by the chemical
reactant release profile 104. As illustrated in the example of
FIG. 2, the thickness of the arm may be selected such that
the chemical reactant 1s released from the 3D printed object
102 over the desired period of time.

Referring to FI1G. 3, a diagram 300 1llustrates an example
of the eflect of an arm count of a 3D printed object that
includes one or more arms on the availability of a 3D printed
chemical reactant over time. While FIG. 3 1s designed to
illustrate the dependence of the availability of the 3D printed
chemical reactant on arm count for the toy jack shape with
multiple arms depicted 1n FIG. 1, 1t will be appreciated that
a number of particular features of an alternatively shaped 3D
printed chemical reactant also aflects the availability of the
3D printed chemical reactant. Further, FIG. 3 depicts the
reduced availability of the 3D printed chemical reactant over
time as linear decay for illustrative purposes only.

FI1G. 3 1s a graph that illustrates a relationship between the
3D printed chemical reactant availability 202 over time 204
for multiple arm counts (A ) 306 of a particular arm thick-
ness. For ease of illustration purposes, FIG. 3 illustrates an
example 1n which the particular arm thickness value corre-
sponds to the first arm thickness value T, 210 depicted 1n
FIG. 2. In the example of FIG. 3, s1x arm count values are
depicted, with the number of arms increasing along the
Y-axis, with a first arm count (A, ) 310 representing a single
arm. In order of increasing number of arms, the other arm
count values correspond to two arms (A,) 312, three arms
(A;) 314, four arms (A,) 316, five arms (A;) 318, and six
arms (Ay) 320.

FIG. 3 illustrates that the 3D printed chemical reactant
availability 302 corresponding to the first arm count value

310 decreases over a first period of time defined by the mitial
time (t,) 230 and the second time (t,) 232. FIG. 3 further

illustrates that the 3D printed chemical reactant availability
202 corresponding to the second arm count value 312
decreases over a second period of time defined by the 1nitial

time (t,) 230 and the third time (t,) 234; the third arm count
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value 314 decreases over a third period of time defined by
the 1nitial time (t,) 230 and the fourth time (t,) 236; the
fourth arm count value 316 decreases over a fourth period of
time defined by the mitial time (t,) 230 and the fifth time (t)
238 the fifth arm count value 318 decreases over a fitth
period of time defined by the mitial time (t;) 230 and the
sixth time (t;) 240; and the sixth arm count value 320
decreases over a sixth period of time defined by the 1nitial
time (t,) 230 and the seventh time (t,) 242. In order to
simplity the explanation of the type of analysis performed
by the computing device 140 of FIG. 1 with respect to
identification of the shape 142 of the 3D object, FIG. 3
illustrates that the first period of time defined by the mitial
time (t;) 330 and the second time (t,) 332 corresponds to a
nominal time value, and the other periods of time correspond
to mteger multiples of the first period of time.

The mitial time (t,) 230 corresponds to a time of arm
exposure to a chemical reaction. In the example of FIG. 3,
the mitial time (t;) 230 corresponds to time zero. As 1illus-
trated and further described herein with respect to FIG. 4, in
cases where an encapsulating material surrounds an arm of
the 3D printed object 102 of FIG. 1, there may be a time
delay between a time that the arm of the encapsulated 3D
printed object 1s mtroduced and a time that the arm 1s
exposed to the chemical reaction. As such, while FIG. 3
illustrates an example in which the mitial time (t,) 230 1s
consistent with immediate exposure of the arm upon intro-
duction of the 3D printed object into a chemical reaction, 1t
will be appreciated that the imtial time (t;) 230 may be
determined based on the time delay that i1s proportional to a
thickness of the encapsulating material.

Thus, FIG. 3 1llustrates that one factor to be utilized by the
computing device 140 of FIG. 1 to determine the shape 142
of an arm of the 3D object 1s a desired period of time for the
chemical reactant to be released, as defined by the chemical
reactant release profile 104. As 1llustrated in the example of
FIG. 3, the number of arms may be selected such that the
chemical reactant 1s released from the 3D printed object 102
over the desired period of time.

Referring to FIG. 4, a diagram 400 1llustrates an example
of the effect of a thickness of an encapsulating material
surrounding a 3D printed object on the delayed availability
of a 3D printed chemical reactant. While FIG. 4 1s designed
to 1llustrate the dependence of the delayed availability of the
3D printed chemical reactant on a thickness of an encapsu-
lating material surrounding the toy jack shape with multiple
arms depicted i FIG. 1, it will be appreciated that a
thickness of an encapsulating material surrounding an alter-
natively shaped 3D printed object also aflects the delayed
availability of the 3D printed chemical reactant. Further,
FIG. 4 depicts the reduced availability of the 3D printed
chemical reactant over time as linear decay for illustrative
purposes only.

FIG. 4 1s a graph that illustrates a relationship between the
3D printed chemical reactant availability 202 over time 204
for multiple encapsulating material thickness values (E,)
406. For ease of illustration purposes, FIG. 4 illustrates an
example 1n which the particular arm thickness value corre-
sponds to the first arm thickness value T, 210 depicted 1n
FIG. 2 and the arm count corresponds to the sixth arm count
A, 320 depicted 1n FIG. 3. In the example of FIG. 4, two
encapsulating material thickness values are depicted, with a
first encapsulating material thickness value (E,) 410 repre-
senting a thickness value that 1s less than a second encap-
sulating material thickness value (E,) 412.

FIG. 4 illustrates that, by encapsulating a 3D printed

object having the first thickness value 210 of FIG. 2 and the
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sixth arm count T, 320 of FIG. 3 (1.e., six arms) that 1s
comparable to the shape 142 depicted 1n FIG. 1 to be used
to form the 3D printed object 102, a time of 1mitial exposure
of the arms of the 3D printed object 102 may be delayed for
a period of time that 1s determined based on a thickness of
the encapsulating material. To 1llustrate, for the first encap-
sulating material thickness value E, 410, the time of 1nitial
release of the chemical reactant may be shifted from the
initial time (t,) 230 depicted 1n FIGS. 2 and 3 1n order to
introduce a first time delay (1D,) 420. For the second
encapsulating material thickness value (E,) 412, the time of
initial release of the chemical reactant may be shifted from
the mnitial time (t;) 230 depicted in FIGS. 2 and 3 1n order
to introduce a second time delay (TD,) 422. In order to
simplily the explanation of the type of analysis performed
by the computing device 140 of FIG. 1 with respect to
identification of the shape 142 of the 3D object, the first
encapsulating material thickness value (E,) 410 of FIG. 4
corresponds to a nominal encapsulating material thickness
value, and the second encapsulating material thickness value
(E,) 412 of FIG. 4 correspond to a 2x multiple of the first
encapsulating material thickness value (E,) 410.

The introduction of the first time delay (TD,) 420 results
in the time of 1nitial release of the chemical reactant being
shifted from the second time (t,) 232 depicted 1n FIGS. 2 and
3 to a first delayed time (t, ,) 430. Further, the introduction
of the first time delay (TD,) 420 results in a shiit of the
seventh time (t,) 242 of FIGS. 2 and 3 to a first delayed end
time (t-,) 440. The introduction of the second time delay
(TD,) 422 results 1n the time of 1initial release of the
chemical reactant being shifted from the second time (t,)
232 depicted 1n FIGS. 2 and 3 to a second delayed time (t; 5)
432. Further, the introduction of the second time delay (TD.,)
422 results 1n a shift of the seventh time (t,) 242 of FIGS.
2 and 3 to a second delayed end time (t, ) 442.

Thus, FIG. 4 illustrates that an encapsulating material
surrounding a 3D printed object may be utilized in order to
delay the availability of a 3D printed chemaical reactant. FIG.
4 1llustrates that the delayed availability of the 3D printed
chemical reactant 1s dependent on a thickness of an encap-
sulating material. Thus, in some chemical reactions in which
a delayed availability of a particular chemical reactant is
appropriate, the computing device 140 of FIG. 1 may
determine an encapsulating thickness value (for a particular
arm thickness/arm count) that 1s satisfactory to reproduce
the desired time delay of chemical reactant release from the
3D printed object 102.

Referring to FIG. 5, a flow diagram illustrates a particular
embodiment of a process 500 of forming a 3D printed object
for chemical reaction control. In the particular embodiment
depicted 1n FIG. 3, the process 500 further includes forming
an article of manufacture by encapsulating the 3D printed
object 1n an encapsulating material.

The process 500 includes determining a chemical reactant
release profile for a chemical reactant to be released to
control a chemical reaction, at 502. The chemical reaction 1s
to be performed according to a specific set ol reaction
parameters. For example, referring to FIG. 1, the computing
device 104 may determine the chemical reactant release
profile 104 for a particular chemical reaction based on
information stored at the chemical reaction database 146. As
previously described herein, the chemical reaction database
146 may store information associated with multiple types of
chemical reactions. As 1llustrative, non-limiting examples,
the chemical reaction may include a cross-coupling polym-
erization reaction, a substitution nucleophilic (S,2) reaction,
a Grignard reaction, a living anionic polymerization reac-
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tion, a living cationic polymerization reaction, a living
ring-opening metathesis polymerization reaction, a living
free radical polymerization reaction, or a living chain-
growth polycondensation reaction.

The process 500 includes determining a shape of a 3D
object to release the chemical reactant according to the
chemical reactant release profile, at 504. For example,
referring to FIG. 1, the computing device 140 may deter-
mine the shape 142 of the 3D object to release the chemical
reactant according to the chemical reactant release profile
104. In the particular embodiment depicted in FIG. 1, the
shape 142 of the 3D object 1s similar to a toy jack that
includes multiple arms (e.g., 6 arms 1n the example of FIG.
1). As described further heremn with respect to FIG. 2,
different arm thickness values may be associated with dii-
ferent 3D printed chemical reactant availability profiles.
Additionally, as described further herein with respect to FIG.
3, different numbers of arms may be associated with difler-

ent 3D printed chemical reactant availability profiles. In
addition, as further described herein with respect to FIG. 4,
in cases where the 3D printed object 102 1s to be surrounded
by an encapsulating material, different time delay values
may be associated with different encapsulating material
thickness values. Accordingly, as described further herein
with respect to FIGS. 1-4, the computing device 140 may
utilize multiple factors to determine the shape 142 of the 3D
object that 1s appropriate for the chemical reactant release
profile 104 1n order to achieve a desired 3D printed chemical
reactant availability over time that matches the specific set
of reaction parameters associated with a particular chemical
reaction.

The process 500 includes generating chemaical reactant 3D
printing instructions corresponding to the shape of the 3D
object, at 506. For example, referring to FIG. 1, the com-
puting device 140 may generate the chemical reactant 3D
printing instructions 144 corresponding to the shape 142 of
the 3D object. In a particular embodiment, the chemical
reactant 3D printing instructions 144 may be 1n an object
(.0oby) file format that 1s appropnate for the particular 3D
printer 110 to be utilized to form the 3D printed object 102.
In the example of FIG. 1, the 3D printer 110 corresponds to
a 6-axis 3D printer. In this case, the chemical reactant 3D
printing 1instructions 144 may include information to be
utilized by the 3D printing control system 120 to control
movement of the platform 112 about the three platform axes
116 and to control movement of the nozzle(s) 114 about the
three nozzle axes 118 1n order to dispense chemical reactant
(s) at appropriate locations. Each chemical reaction dispen-
sation location corresponds to a particular combination of a
platform axis location defined by an X,, Y, and Z, value
and a nozzle axis location value defined by an X, Y,, and
7., value.

The process 500 includes utilizing a 3D printer to form a
3D printed object according to the chemical reactant 3D
printing instructions, at 508. The 3D printed object includes
the chemical reactant to be released to control the chemical
reaction according to the chemical reactant release profile.
For example, referring to FIG. 1, the 3D printer 110 may be
utilized to form the 3D printed object 102 according to the
chemical reactant 3D printing instructions 144 received
from the computing device 140. The 3D printed object 102
includes the chemical reactant (or multiple chemical reac-
tants) dispensed from the chemical reactant reservoir(s) 130
via the nozzle(s) 114. The chemical reactant 1s to be released
from the 3D printed object 102 to control a particular
chemical reaction (having a specific set of reaction param-




US 11,000,340 B2

11

eters stored at the chemical reaction database 146) according
to the chemical reactant release profile 104.

In the particular embodiment depicted in FIG. 5, the
process 500 also includes encapsulating the 3D printed
object (including the chemical reactant) 1n an encapsulating
material to form an article of manufacture, at 510. The
encapsulating material provides a time delay prior to release
of the chemical reactant according to the chemical reactant
release profile, where the time delay 1s proportional to a
thickness of the encapsulating material. For example, while
not shown in the example of FIG. 1, the 3D printer 110 may
be utilized to encapsulate the 3D printed object 102 1n an
encapsulating material. As described further herein, in some
cases, the encapsulating material may have a shape that 1s
substantially similar to the shape of the 3D printed object
102 (e.g., an encapsulating layer disposed on a surface of a
toy jack shape with six arms, 1n the example of FIG. 1). In
other cases, the encapsulating material may have a second
shape that 1s different from the shape of the 3D printed
object 102 (e.g., a spherical shape, a cubic shape, etc.) that
1s selected to eflect a particular time delay that 1s appropriate
for release of the chemical reactant based on the chemical
reactant release profile 104. As previously described herein
with respect to FI1G. 4, increasing the encapsulating material
thickness may result in an increase i the 3D printed
chemical reactant availability delay.

Thus, FIG. 3 illustrates an example of a process of
forming a 3D printed object for chemical reaction control. In
some cases, the 3D printed object for chemical reaction
control may enable rapid prototyping of various concentra-
tion/time-release profiles for reaction control. Further, the
3D printed object for chemical reaction control may enable
improved reproducibility of a particular chemical reaction.
To 1llustrate, the 3D printed object for chemical reaction
control may enable one entity to efliciently reproduce a
chemical reaction according to reaction parameters specified
by another entity.

Referring to FIG. 6, a tlow diagram illustrates a particular
embodiment of a computer-implemented method 600 of
generating chemical reactant 3D printing instructions to be
utilized to form a 3D printed object for chemical reaction
control.

The computer-implemented method 600 includes deter-
miming a chemical reactant release profile for a chemical
reactant to be released to control a chemical reaction, at 602.
The chemical reaction 1s to be performed according to a
specific set of reaction parameters. For example, referring to
FIG. 1, the computing device 104 may determine the chemi-
cal reactant release profile 104 for a particular chemical
reaction based on information stored at the chemical reac-
tion database 146. As previously described herein, the
chemical reaction database 146 may store information asso-
ciated with multiple types of chemical reactions. As 1llus-
trative, non-limiting examples, the chemical reaction may
include a cross-coupling polymerization reaction, a substi-
tution nucleophilic (S,2) reaction, a Grignard reaction, a
living anionic polymerization reaction, a living cationic
polymerization reaction, a living ring-opening metathesis
polymerization reaction, a living free radical polymerization
reaction, or a living chain-growth polycondensation reac-
tion.

The computer-implemented method 600 includes deter-
mimng a shape of a 3D object to release the chemical
reactant according to the chemical reactant release profile, at
604. For example, referring to FIG. 1, the computing device
140 may determine the shape 142 of the 3D object to release
the chemical reactant according to the chemical reactant
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release profile 104. In the particular embodiment depicted in
FIG. 1, the shape 142 of the 3D object 1s similar to a toy jack
that includes multiple arms (e.g., 6 arms in the example of
FIG. 1). As described further herein with respect to FIG. 2,
different arm thickness values may correspond to different
3D printed chemical reactant availability over time. Addi-
tionally, as described further herein with respect to FIG. 3,
different numbers of arms may correspond to different 3D
printed chemical reactant availability over time. In addition,
as fTurther described herein with respect to FIG. 4, 1n cases
where the 3D printed object 102 1s to be surrounded by an
encapsulating material, different time delay values may be
associated with different encapsulating material thickness
values. Accordingly, as described further herein with respect
to FIGS. 1-4, the computing device 140 may utilize multiple
factors to determine the shape 142 of the 3D object that 1s
appropriate for the chemical reactant release profile 104 1n
order to achieve a desired 3D printed chemical reactant
availability over time that matches the specific set of reac-
tion parameters associated with a particular chemical reac-
tion.

The computer-implemented method 600 includes gener-
ating chemical reactant 3D printing 1nstructions correspond-
ing to the shape of the 3D object, at 606. For example,
referring to FIG. 1, the computing device 140 may generate
the chemical reactant 3D printing instructions 144 corre-
sponding to the shape 142 of the 3D object.

In the particular embodiment depicted in FIG. 6, the
computer-implemented method 600 also includes storing the
chemical reactant 3D printing instructions at a computer-
readable storage device, at 608. The stored chemical reactant
3D printing instructions are to be utilized to form a 3D
printed object using a 3D printer. The 3D printed object
includes the chemical reactant to be released to control the
chemical reaction according to the chemical reaction release
profile. For example, referring to FIG. 1, the computing
device 140 may be associated with a first entity, such as a
chemist that has developed a particular set of chemical
reaction parameters for a chemical reaction. In some cases,
it may be desirable for the chemical reaction to be repro-
ducible by a second entity. In this case, after generating the
chemical reactant 3D printing instructions 144, the comput-
ing device 140 may store the chemical reactant 3D printing
instructions 144 at a computer-readable storage device (not
shown 1n FIG. 1). The stored chemical reactant 3D printing
instructions 144 may be sent to the second entity from the
first entity or otherwise made accessible to the second entity
(e.g., via a network). In some cases, the stored chemical
reactant 3D printing instructions 144 may represent an
open-source 3D printing instruction {ile that may enable
ellicient validation/reproduction of the chemical reaction by
the second entity. In other cases, the stored chemical reactant
3D printing instructions 144 may be proprietary to the first
entity.

In a particular embodiment, the computing device 140
(e.g., of a first entity) may store the chemical reactant 31>
printing instructions 144 1n an object (.obj) file format that
1s appropriate for the particular 3D printer 110 to be utilized
to form the 3D printed object 102. In the example of FIG. 1,
the 3D printer 110 corresponds to a 6-axis 3D printer that
may be associated with a second entity (1n some cases). In
this case, the stored chemical reactant 3D printing nstruc-
tions 144 may include information to be utilized by the 3D
printing control system 120 to control movement of the
plattorm 112 about the three platform axes 116 and to
control movement of the nozzle(s) 114 about the three
nozzle axes 118 1n order to dispense chemical reactant(s) at
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appropriate locations. Each chemical reaction dispensation
location corresponds to a particular combination of a plat-
form axis location defined by an X, Y, and Z, value and a
nozzle axis location value defined by an X,, Y,, and Z,
value.

Thus, FIG. 6 illustrates an example of a process of a
computer-implemented method of generating chemical reac-
tant 3D printing instructions to be utilized to form a 3D
printed object for chemical reaction control. In some cases,
the 3D printing instructions may enable one entity to manu-
tacture a 3D printed object for chemical reaction control 1n
order to efliciently reproduce a chemical reaction according
to reaction parameters specified by another entity.

It will be understood from the foregoing description that
modifications and changes may be made in various embodi-
ments of the present invention without departing from 1its
true spirit. The descriptions 1n this specification are for
purposes of illustration only and are not to be construed in
a lmmiting sense. The scope of the present invention 1is
limited only by the language of the following claims.

What 1s claimed 1s:

1. A process of forming a three-dimensional (3D) printed
object for chemical reaction control, the process comprising:

determining, by a processor, for a chemical reaction to be

performed according to a set of reaction parameters, a
chemical reactant release profile for one or more
chemical reactants to be released to control the chemi-
cal reaction, wherein the chemical reactant release
profile indicates a concentration level of each of the one
or more chemical reactants:

determining a shape of a three-dimensional (3D) object to

release the one or more chemaical reactants according to
the chemical reactant release profile; and

forming the 3D object in the determined shape, the 3D

object formed with a 3D printable fluid that includes at
least one of the one or more chemical reactants to be
released to control the chemaical reaction according to
the chemical reactant release profile, and wherein the
determined shape includes at least two arms, with a first
arm formed with the 3D printable fluid with a first
chemical reactant and a second arm formed with the 3D
printable fluid with a second chemical reactant.

2. The process of claim 1, wherein the chemical reaction
includes a cross-coupling polymerization reaction, a substi-
tution nucleophilic (S,2) reaction, a Grignard reaction, a
living anionic polymerization reaction, a living cationic
polymerization reaction, a living ring-opening metathesis
polymerization reaction, a living free radical polymerization
reaction, or a living chain-growth polycondensation reac-
tion.

3. The process of claim 1, further comprising utilizing a
3D printer to encapsulate the 3D object 1n an encapsulating
material.

4. The process of claim 1, further comprising generating,
chemical reactant 3D printing instructions corresponding to
the shape of the 3D object.

5. The process of claim 4, further comprising utilizing a
3D printer to form the 3D object according to the chemical
reactant 3D printing instructions.

6. A computer-implemented method comprising:

determining, by a processor, for a chemical reaction to be

performed according to a set of reaction parameters, a
chemical reactant release profile for one or more
chemical reactants to be released to control the chemi-
cal reaction;

determining a shape of a three-dimensional (3D) object to

release the one or more chemaical reactants according to
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the chemical reactant release profile, wherein the shape
of the 3D object includes one or more arms, each of the
one or more arms 1ncorporated with at least one of the
one or more chemical reactants; and

forming the 3D object according to the shape, the 3D

object formed with a 3D printable fluid that includes at
least one of the one or more chemical reactants to be
released to control the chemical reaction according to
the chemical reactant release profile.

7. The computer-implemented method of claim 6, further
comprising generating chemical reactant 3D printing
instructions corresponding to the shape of the 3D object.

8. The computer-implemented method of claim 7, turther
comprising utilizing a 3D printer to form the 3D object
according to the chemical reactant 3D printing 1nstructions.

9. The computer-implemented method of claim 8,
wherein the 3D printer includes a 6-axis 3D printer.

10. The computer-implemented method of claim 9, fur-
ther comprising storing the chemical reactant 3D printing
instructions at a computer-readable storage device of a {first
entity, the stored chemical reactant 3D printing instructions
to be utilized by a second entity to form the 3D object using
a 3D printer.

11. The computer-implemented method of claim 10,
wherein the first entity performs the chemical reaction
according to the set of reaction parameters, and wherein the
stored chemical reactant 3D printing instructions are utilized
by the second entity to reproduce the chemical reaction
according to the set of reaction parameters.

12. The computer-implemented method of claim 10,
wherein the chemical reactant 3D printing instructions are
stored at the computer-readable storage device 1n an object
(.0oby) file format.

13. A system comprising;:

a memory; and

a processor i communication with the memory, the

processor being configured to perform operations com-
prising:
determining for a chemical reaction to be performed
according to a set of reaction parameters, a chemical
reactant release profile for one or more chemical reac-
tants to be released to control the chemical reaction;

determiming a shape of a three-dimensional (3D) object to
release the one or more chemical reactants according to
the chemical reactant release profile, wherein the shape
of the 3D object includes one or more arms, each of the
one or more arms incorporated with at least one of the
one or more chemical reactants; and

forming the 3D object according to the shape, the 3D

object formed with a 3D printable fluid that includes at
least one of the one or more chemical reactants to be
released to control the chemical reaction according to
the chemical reactant release profile.

14. The system of claim 13, wherein the operations further
comprise:

generating chemical reactant 3D printing 1instructions

corresponding to the shape of the 3D object.

15. The system of claim 14, wherein the operations further
comprise:

utilizing a 3D printer to form the 3D object according to

the chemical reactant 3D printing instructions.

16. The system of claam 15, wheremn the 3D printer
includes a 6-axis 3D printer.

17. The system of claim 16, wherein the operations further
comprise:

storing the chemical reactant 3D printing 1nstructions at a

computer-readable storage device of a first entity, the
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stored chemical reactant 3D printing instructions to be
utilized by a second entity to form the 3D object using
the 3D printer.

18. The system of claim 17, wherein the first entity
performs the chemical reaction according to the set of 5
reaction parameters, and wherein the stored chemical reac-
tant 3D printing instructions are utilized by the second entity
to reproduce the chemical reaction according to the set of
reaction parameters.

19. The system of claim 17, wherein the chemical reactant 10

3D printing instructions are stored at the computer-readable
storage device 1n an object (.obj) file format.
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